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A B S T R A C T

Polymer material exhibits a trade-off between toughness and stiffness, therefore, it remains difficult to develop a
strategy that simultaneously realizes improved mechanical strength and toughness. Inspired by the bamboo-like
structure, an efficient and simple melt sequential injection molding is proposed to fabricate a controllable skin-
core structure of iPP samples with self-reinforcement and toughness. With increasing the melt injection number,
the shear layers containing shish-kebabs are progressively thickened, resulting in an effective improvement of
mechanical properties. The tensile strength increased from 35.1 to 55.3MPa for the melt injection number from
one to four, meanwhile the toughness was enhanced from 23.1 to 53.6 kJ/m2. A simple theoretical model was
derived and utilized to describe the experimental data. Theoretically calculated tensile strength of sample with
entirely shish-kebabs can even reach 222.9MPa via this technology, which is much higher than that of most
engineering plastics and polymer composites. This work not only provides an efficient way to fabricate high-
performance general plastics for engineering purposes but also a new opportunity to understand the fundamental
issues about the mechanism of the self-reinforced polymers.

1. Introduction

With the advances of modern products, more and more general
plastics, such as polypropylene and polyethylene, become insufficient
to meet performance requirements such as high heat resistance, me-
chanical strength and fire resistance [1–3]. In this respect, (super) en-
gineering plastics and polymer composites, as the alternative materials,
have been used to obtain the desired properties [2–11]. For example,
polycarbonate, as an engineering plastic, is highly resistant to impact
[4]; and 50% E-glass fiber reinforced polypropylene composites have a
tensile strength of more than 80MPa [7]. However, these substitutes
still have challenges and suffer from shortcomings such as poor pro-
cessability, high production cost, complicated and time-consuming
fabrication procedures. For this reason, self-reinforced polymers (also
called single component composites) via the formation of highly or-
iented structures provide a feasible idea [12–15]. Isotactic poly-
propylene (iPP), as a widely used semicrystalline polymer, has been

investigated for a long time due to its low cost and versatility. However,
iPP often exhibits a trade-off between toughness and stiffness. There-
fore, it remains difficult to develop strategies to obtain iPP parts with a
balance of strength and toughness [2,3].

Shish-kebab, which can be induced by shear flow in semicrystalline
polymers, is a highly oriented crystalline morphology composed of
threadlike cores encircled with plate-like lamellar crystals [16–19].
Since first reported, it has attracted immense research interest due to a
remarkable improvement in physical and mechanical properties of the
materials [18–20]. Unfortunately, although conventional injection
molding (CIM) is the most common and convenient processing opera-
tion to manufacture polymer samples with precise geometric profiles, it
is still a great challenge to form abundant shish-kebabs due to the re-
laxation of oriented molecular chains and the “weak” shear flow
[20–24]. The content of shish-kebabs in the injection-molded sample is
usually represented by the formation of shear (skin) layer. However, the
proportion of the shear layer thickness in the CIM samples to the whole
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sample is relatively small, less than 10% [19,25–27]. Accordingly,
based on the concept of flow-induced orientation, several unusual in-
jection molding techniques, including dynamic packing injection
molding [28–30], multi-melt multi-injection molding [17,31] and fluid-
assisted injection molding [32–35], have been developed to prepare
injection-molded samples with shish-kebabs. These methods offer a
relatively thick sheared layer of parts with enhanced mechanical
strength, but they still have some disadvantages. For example, they
usually require quite complex molding equipment and/or tedious
molding processes, which limit their practical applications. Therefore,
innovations, such as easily-controlled molding technology with a cap-
ability to effectively fabricate high-performance polymer products, are
still urgently demanded.

Bamboo consists of strengthened shell and toughened core. From a
biomimetic view of point, therefore, a polymer product with strength-
ened skin and toughened core will have better mechanical properties.
Among simple and controllable approaches to facilitate shish-kebab
content using accessible polymer processing scenarios, the application
of multi-shear flow stands out. The utilization of multi-shear makes
injection molding a most promising strategy for assisting the preferred
formation of abundant shish-kebab structures in the injection-molded
samples. In this study, melt sequential injection molding (MSIM) is
proposed to fabricate polymer product with different shear layer
thicknesses during the melt filling stage by adjusting the melt injection
number. The main feature of MSIM is that the mold cavity with vice
cavity for overmuch melt can realize multi-melt injection (Fig. S1). The
mold cavity was first completely filled with melt, but no melt got into
the vice cavity. Then, the mold cavity was injected with extra melt
under the same injection pressure. The core of the previous melt was
penetrated by the subsequent melt, resulting in intense shear flow in
both the skin and core melts, and thus promoting the formation of
various crystalline forms. Meanwhile, sample of previous core melt was
pushed out of the mold cavity into the vice cavity. The melt injection
number up to four could be achieved via adjusting the time interval.
Due to the instantaneous shear flow supplied by each melt injection,
some shish-kebabs were obtained in the shear layer and the thickness of
the shear layer increased. Therefore, samples with different shish-kebab
contents can be obtained using this technique.

2. Experimental section

2.1. Materials and samples preparation

The commercially available iPP (T30S) with a melt flow index of
2.6 g/10min (190 °C, 21.6 N, M =11.0× 104 g/mol) was bought from
Lanzhou Petrochemical Co., China. The dumbbell shaped samples with
an overall length of 86mm, a gauge length of 42mm, a neck width of
12mm and a thickness of 4mm (Fig. S2) were prepared by a LZ-350
injection molding machine (Suzhoulizhu Co, China). The processing
parameters of MSIM are indicated in Table 1. The samples were labeled
according to the melt injection number. For example, M1 represents the
samples prepared by the CIM process, whereas M3 represents the

samples that were prepared with a melt injection number of three.

2.2. Morphology observation

The thin slices with a thickness of 20 μm were cut by a microtome
from the middle of the sample along the flow direction (Fig. S2) and
placed between two glass slides. The macroscopic hierarchical structure
was observed using a polarized optical microscopy (Olympus BX51 with
a PixeLINK PL-A662 camera). Before scanning electron microscope
(SEM) observation, the specimens were etched by a solution mixture of
1:1 volume of concentrated sulfuric acid and nitric acid with 0.7 wt% of
potassium permanganate dissolved in the solution mixture. After
etching, the specimens were washed first with a mixture of sulfuric acid
and water with a volume ratio of 2:7 and then rinsed with distilled
water, hydrogen peroxide (30%), and acetone several times, succes-
sively. The etched surfaces were then sputter-coated with a thin gold
layer after being dried in a vacuum oven, and then observed by a SEM
instrument (JEOL JSM-7500F) using an operating voltage of 5 kV. The
detailed preparation of specimen for polarized optical microscopy
(POM) and SEM observation is shown in Fig. S2.

2.3. Two-dimensional wide-angle X-ray diffraction (2D-WAXD)

The crystalline structure and molecular orientation were char-
acterized by 2D-WAXD, which was carried out on a BL16B1 beamline in
Shanghai Synchrotron Radiation Facility, Shanghai, China. The used
wavelength was 0.1409 nm 2D-WAXD patterns were recorded in time
intervals of 180 s by a Mar CCD 165 X-ray detector system. The Fit2D
software package was used to analyze the 2D-WAXD patterns.

2.4. Mechanical properties measurement

The test was performed using a universal tensile testing machine
(UTM2203, Sun Technology Stock Co., Ltd) with a constant crosshead
speed of 50mm/min and the measured temperature was around 20 °C.
For each condition, the average value reported was derived from at
least seven tested specimens.

3. Results and discussion

3.1. Macroscopic hierarchical structure

The macroscopic hierarchical structure of iPP molded by MSIM in
the thickness direction (ND in Fig. S2) is shown in Fig. 1. As expected, a
typical skin-core structure was observed in all samples regardless of
melt injection number. The thickness of the core layer was plotted by
yellow arrows, and the ratio of the core layer thickness to the whole
sample R was marked in Fig. 1. The thin oriented skin (or shear) layer
consisted of shish-kebab, while an anisotropic thick core zone consisted
of spherulites, which are observed for the M1 sample. Nevertheless,
when melt multi-injection was introduced, the shear layer was pro-
gressively thickened, as shown in Fig. 1b–d. For example, the core layer
of the M2 sample was 60.84%, whereas the M4 sample was reduced to
39.96%.

It is easy to understand that the formation mechanisms of progres-
sively thickened shear layer of the MSIM samples resulted from the
coefficient effects of flow-induced orientation and subsequent relaxa-
tion [31,36]. During the first melt filling process (M1), once the melt
contacts the mold wall, it is reasonable that the stretched and oriented
molecules are prone to be frozen in the skin layer since the shear stress
reaches a maximum at the mold wall, causing a higher orientation of
molecular chains. After a brief time, the subsequent (second/third/
fourth) melt penetrates the core of the previous melt. Once the extra
melt under the same injection pressure enters, it shears and deforms the
melt adjacent to the frozen skin layer, resulting in a maximum shear
stress in the interface of the frozen skin layer and subsequent melts, and

Table 1
Processing conditions of MSIM in the present experiments.

Parameters MSIM

Injection pressure (bar) 300
Packing pressure (bar) 300
Melt injection time (s) 2
Interval time M2 (s) 3
Interval time M3 (s) 7
Interval time M4 (s) 13
Melt temperature (°C) 220
Mold temperature (°C) 80
Cool time (s) 60
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thus promoting the further formation of oriented molecules. Simulta-
neously, a faster cooling rate, from the relatively cold frozen skin layer,
freezes the orientation, thus leading to a progressively thickened shear
layer. The above results showed that, via adjusting the processing
conditions, our MSIM technology can be used to quantitatively control
the shish-kebab formation as well as to fabricate a skin-core structure
with a thick shear layer.

3.2. Orientation and crystallinity

In order to better understand the orientated crystallization of the
MSIM samples, Fig. 2 shows the 2D-WAXD patterns taken at different
distances from the skin surface of the M1 and M4 samples. For the M1
sample, the arc-like reflection is only seen at a depth of 50 μm, and the
isotropic rings are visible at other depths due to random orientation.
However, for the M4 sample, the arc-like reflection is seen at depths of
50 and 700 μm, indicating a broader range of orientation. For example,
the azimuthal widths in the intensity of (040) reflections are relatively
narrow in the M4 samples (see Fig. 3b), which is indicative of higher
molecular orientation. The orientation parameters in the depth of
700 μm for the M1 and M4 samples are 0.21 and 0.95, respectively.

From the analysis of the diffraction peak positions and integrated
peak intensities, the crystal composition at different depths was de-
termined (Fig. 3c and d). The crystallinity of the M4 sample is similar to
that of the M1 sample at the same depth. Interestingly, it is seen that at
a depth of 50 μm for the M1 and M4 samples and 2000 μm for the M4
sample, a (300) reflection for the β-form is found. The crystallinity of β-
crystals is the same at a depth of 50 μm for both samples, and 1.38% for
the M4 sample at 2000 μm. It is widely accepted that shearing of iPP
melt causes the formation of α-row nuclei and a subsequent growth of
the β-phase on the formed α-row nuclei.11 Therefore, considering the
introduced shear in MSIM, it is easy to understand why there is a small
quantity of β-form crystals at these depths.

3.3. SEM observation

In order to intuitively verify the crystalline structure and orientation
information, SEM observation was performed, as shown in Fig. 4. Ty-
pically, the common spherulites were observed in the M1 sample for the
selected depths of 700 and 2000 μm (Fig. 4a and b), and 2000 μm for
the M4 sample (Fig. 4d). Clearly, as shown in Fig. 4c, highly oriented
shish-kebabs were formed at a depth of 700 μm for the M4 sample.
Moreover, the typical bundle-like β-crystal was observed at a depth of
2000 μm for the M4 sample (Fig. 4e). These results were in good
agreement with the POM and 2D-WAXD results.

3.4. Mechanical properties

The characteristics of the hierarchical structure of such skin-core
samples were elucidated in detail through a combination of POM, 2D-
WAXD, and SEM. The potential of this unique structure on the im-
provement of mechanical performance was explored. Fig. 5a illustrates
the stress-strain curves of different MSIM samples. With increasing the
shish-kebab content, a remarkable improvement of mechanical prop-
erties is observed. The specific values of tensile strength, Young's
modulus, strain energy density at break, and the elongation at break are
listed in Table S1. In contrast to the M1 sample, the MSIM samples
exhibit apparent improvements of tensile strength, Young's modulus
and strain energy density at break, indicating enhanced tensile
strength, stiffness, and toughness, respectively. For ductility, the M2
and M3 samples show a decrease in elongation at break compared to
M1. However, the M4 sample shows a slight increase. In summary, si-
multaneous enhancements of strength and toughness in the M4 sample

Fig. 1. POM micrographs of the MSIM samples: (a) M1, (b) M2, (c) M3 and (d) M4. R is the thickness ratio of the core layer to the whole sample.

Fig. 2. 2D-WAXD patterns of the M1 and M4 samples at different depths from the skin
surface to core. The number (in μm) represents the distance away from skin surface.
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have been successfully realized without compromising the ductility.
Since the large scale distributed shish-kebabs in the iPP molded by
MSIM were obtained, especially for the M4 sample, our work provides a
new opportunity to understand fundamental issues about the shish-
kebab content and mechanical properties as well as a useful way for
preparing injection molded products with high shish-kebab contents.

3.5. Model

Recently, Mi et al. tried to use an exponent equation to describe the
relationship between shish-kebab content and mechanical properties.2

To our knowledge, this is the first time to quantitatively identify the
effect of shish-kebab on the mechanical properties. Unfortunately, the
used equation is based on experience. Fig. 5b shows the variation of
tensile strength σ as a function of R. One can see that σ nearly ex-
ponentially increased with decreasing R, which is in good agreement
with the samples prepared by multiflow vibration injection molding
technique [17]. Therefore, it can be concluded that shish-kebab struc-
ture brings a strengthening effect to the molding samples of iPP mate-
rial.

Now, it is commonly believed that the shear layer is beneficial to
“strengthening”, and the core layer is conducive to “toughening” [37].
Therefore, a simple model to describe the change of σ as a function of R
is proposed. The scenario was schematically presented by a model,
which is a combination of Maxwell model and Hooke spring element
connected in parallel, in the insert of Fig. 5b. The shear layer and core
layer can be idealized as Maxwell model and Hooke spring element,
respectively. According to the model, the total strength σ will be the
sum of the strength in each component:

= +σ σσ M S (1)

and the strain ε

= =ε ε εM S (2)

Due to the strength is related to the R, assuming that

= −σ σ f R(1 )M M0 (3)

=σ σ f R( )S S0 (4)

where σM0 and σS0 are the intrinsic strength for shear and core layer,
respectively. Therefore, for the Maxwell model, the strength σM and the
strain εM can be defined as follows

+ =

E
dσ
dR

σ
η

dε
dR

1 M M

2 (5)

For the Hooke spring, the strength σS and the strain εS can be defined
as follows

= =σ E ε E εS S1 1 (6)

Therefore, σ with respect to R is governed by:

= + −
−R E ε σ E ε eσ( ) ( ) R

τ1 2 1 (7)

or

= + −
−σ R σ σ σ e( ) ( ) R

τ1 2 1 (8)

where τ is the retardation time; E is the Young's Modulus of the ma-
terial; σ1 and σ2, respectively, are the strength of materials without or-
iented structure and with complete oriented structure.

As a complement to our own measurements, the literature on iPP
samples molded by mutliflow vibration-assisted injection molding with
different shear layer thicknesses has been reanalyzed [17] and the re-
sults are presented in Fig. 5b. Compared with the reported data from
literature, larger values of tensile strength were obtained in our work,
indicating the higher efficiency of our technology in the improvement
of tensile strength. The fitted theoretical curves based to Equation (8) in
Fig. 5b are shown with solid lines, and the corresponding fit parameters

Fig. 3. (a, b) Azimuthal distribution of (040) lattice plane and (c, d) 1D-WAXD curves of the (a, c) M1 and (b, d) M4 samples from Fig. 2.
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were obtained. As can be seen, Equation (8) is able to describe the
experimental data. The parameters σ1 in our work and the literature are
similar within the experimental error, which is in good agreement with
the tensile strength of iPP (30–40MPa) [7,38]. The parameter σ2 is the
tensile strength of MSIM molded iPP samples composed entirely of
shish-kebabs. The high value σ2 =222.9MPa indicates that the for-
mation of shish-kebab in our case is beneficial to enhance the me-
chanical properties, which is superior to polyetheretherketone (PEEK)
as a super engineering plastic [39] or carbon fiber reinforced poly-
propylene composites [38,40], and is equivalent to carbon fiber

reinforced PEEK [41].

4. Conclusions

The hierarchical crystalline structure and mechanical properties of
iPP molded by MSIM technology were studied. A skin-core structure for
all MSIM samples was achieved, but the thickness ratio of the core layer
to the whole sample R decreased with increasing the melt injection
number. Moreover, the tensile strength, stiffness and toughness of
MSIM samples were enhanced due to the decrease of R. For example, a

Fig. 4. SEM micrographs of the (a, b) M1 and (c, d, e) M4 samples at selected depths: (a, c) 700 μm and (b, d, e) 2000 μm. The melt flow direction is vertical.
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much-enhanced tensile strength of 55.3MPa, Young's modulus of
290.4 MPa and toughness of 53.6 kJ/m2 are achieved for the M4 sam-
ples. In addition, a simple model was derived and utilized for the de-
scription of the relationship between shish-kebab content and tensile
strength. Our work provides a new opportunity to understand funda-
mental issues about the shish-kebab content and mechanical properties
as well as a useful way to obtain injection molded products with highly
shish-kebab content.

Acknowledgements

The authors express thanks to the Startup Research Fund of
Zhengzhou University (32210508) as well as the University key re-
search project of Henan Province (18A430031).

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://dx.
doi.org/10.1016/j.polymertesting.2018.03.005.

References

[1] G. Wegner, K. Wagemann, Polymers and the Environment-current problems and
future research, Adv. Mater. 6 (1994) 629–634.

[2] Z. Zhang, J. Lei, Y. Chen, J. Chen, X. Ji, J. Tang, Z. Li, Tailored structure and
properties of injection-molded atactic polypropylene/isotactic polypropylene
blend, ACS Sustain. Chem. Eng. 1 (2013) 937–949.

[3] R.Y. Bao, J. Cao, Z.Y. Liu, W. Yang, B.H. Xie, M.B. Yang, Towards balanced strength
and toughness improvement of isotactic polypropylene nanocomposites by surface
functionalized graphene oxide, J. Mater. Chem. A 2 (2014) 3190–3199.

[4] C. Yan, J. Zhang, J. Han, X. Wang, Z. Guan, L. Zhang, C. Liu, C. Shen, Improvement
of environmental stress cracking resistance of polycarbonate by silicone coating,
Polym. Test. 60 (2017) 6–11.

[5] P. Song, Z. Xu, M.S. Dargusch, Z.G. Chen, H. Wang, Q. Guo, Granular nanostructure:
a facile biomimetic strategy for the design of supertough polymeric materials with
high ductility and strength, Adv. Mater. (2017) 1704661.

[6] M. Ashir, J. Hindahl, A. Nocke, C. Cherif, Development of adaptive pleated fiber
reinforced plastic composites, Compos. Sci. Technol. 148 (2017) 27–34.

[7] Q. Shubhra, A. Alam, M. Quaiyyum, Mechanical properties of polypropylene
composites: a review, J. Thermoplast. Compos 26 (2011) 362–391.

[8] Y. Li, B. Zhou, G. Zheng, X. Liu, T. Li, C. Yan, C. Cheng, K. Dai, C. Liu, C. Shen,
Z. Guo, Continuously prepared highly conductive and stretchable SWNTs/MWNTs
synergistically composited electrospun thermoplastic polyurethane yarns for
wearable sensing, J. Mater. Chem. C 6 (2018) 2258–2269.

[9] X. Liu, Y. Pan, G. Zheng, D.W. Schubert, Rheological and electrical behavior of poly
(methyl methacrylate)/carbon black composites as investigated by creep recovery
in shear, Compos. Sci. Technol. 128 (2016) 1–7.

[10] X. Liu, J. Kru¨ckel, G. Zheng, D.W. Schubert, Mapping the electrical conductivity of
poly(methyl methacrylate)/carbon black composites prior to and after shear, ACS
Appl. Mater. Interfaces 5 (2013) 8857–8860.

[11] X. Wang, X. Liu, H. Yuan, H. Liu, C. Liu, T. Li, C. Yan, X. Yan, C. Shen, Z. Guo, Non-
covalently functionalized graphene strengthened poly(vinyl alcohol), Mater. Des.
139 (2018) 372–379.

[12] C. Gao, L. Yua, H. Liu, L. Chen, Development of self-reinforced polymer composites,
Prog. Polym. Sci. 37 (2012) 767–780.

[13] X. Liu, M. Lian, Y. Pan, X. Wang, G. Zheng, C. Liu, D.W. Schubert, C. Shen, An
alternating skin-core structure in melt multi-injection molded polyethylene,
Macromol. Mater. Eng. 303 (2017) 1700465.

[14] Z. Liu, X. Liu, G. Zheng, K. Dai, C. Liu, C. Shen, R. Yin, Z. Guo, Mechanical en-
hancement of melt-stretched b-nucleated isotactic polypropylene: the role of la-
mellar branching of β-crystal, Polym. Test. 58 (2017) 227–235.

[15] Á. Kmettya, T. Báránya, J. Karger-Kocsis, Self-reinforced polymeric materials: a
review, Prog. Polym. Sci. 35 (2010) 1288–1310.

[16] T. Kanaya, I.A. Polec, T. Fujiwara, R. Inoue, K. Nishida, T. Matsuura, H. Ogawa,
N. Ohta, Precursor of shish-kebab above the melting temperature by microbeam X-
ray scattering, Macromolecules 46 (2013) 3031–3036.

[17] D. Mi, C. Xia, M. Jin, F. Wang, K. Shen, J. Zhang, Quantification of the effect of
shish-kebab structure on the mechanical properties of polypropylene samples by
controlling shear layer thickness, Macromolecules 49 (2016) 4571–4578.

[18] P. Zipper, A. Janosi, W. Geymayer, E. Ingolic, E. Fleischmann, Comparative X-ray
scattering, microscopical, and mechanical studies on rectangular plates injection
molded from different types of isotactic polypropylene, Polym. Eng. Sci. 36 (1996)
467–482.

[19] X. Liu, K. Dai, X. Hao, G. Zheng, C. Liu, D.W. Schubert, C. Shen, Crystalline structure
of injection molded beta-isotactic polypropylene: analysis of the oriented shear
zone, Ind. Eng. Chem. Res. 52 (2013) 11996–12002.

[20] Y. Pan, X. Liu, S. Shi, C. Liu, K. Dai, R. Yin, D.W. Schubert, G. Zheng, C. Shen,
Annealing induced mechanical reinforcement of injection molded iPP parts,
Macromol. Mater. Eng. 301 (2016) 1468–1472.

[21] B. Yan, H. Wu, G. Jiang, S. Guo, J. Huang, Interfacial crystalline structures in in-
jection over-molded polypropylene and bond strength, ACS Appl. Mater. Interfaces
2 (2010) 3023–3036.

[22] K. Zhang, Z. Liu, B. Yang, W. Yang, Y. Lu, L. Wang, N. Sun, M. Yang, Cylindritic
structures of high-density polyethylene molded by multi-melt multi-injection
molding, Polymer 52 (2011) 3871–3878.

[23] J.W. Housmans, M. Gahleitner, G.W.M. Peters, H.E.H. Meijer, Structure-property
relations in molded, nucleated isotactic polypropylene, Polymer 50 (2009)
2304–2319.

[24] G. Zheng, Z. Jia, X. Liu, B. Liu, X. Zhang, K. Dai, C. Shao, X. Zheng, C. Liu, W. Cao,
J. Chen, X. Peng, Q. Li, C. Shen, Enhanced orientation of the water-assisted injec-
tion-molded iPP in the presence of nucleating agent, Polym. Eng. Sci. 52 (2012)
725–732.

[25] X. Liu, Y. Pan, G. Zheng, C. Liu, Suppression of the hierarchical structure of water-
assisted injection moulded iPP in the presence of a β-nucleating agent and lamellar
branching of a β-crystal, RSC Adv. 6 (2016) 68969–68972.

[26] X. Liu, G. Zheng, K. Dai, Z. Jia, S. Li, C. Liu, J. Chen, C. Shen, Q. Li, Morphological
comparison of isotactic polypropylene molded by water-assisted and conventional
injection molding, J. Mater. Sci. 46 (2011) 7830–7838.

[27] Y. Pan, S. Shi, W. Xu, G. Zheng, K. Dai, C. Liu, J. Chen, C. Shen, Wide distribution of
shish-kebab structure and tensile property of micro-injection-molded isotactic
polypropylene microparts: a comparative study with injection-molded macroparts,
J. Mater. Sci. 49 (2014) 1041–1048.

[28] C. Geng, J. Su, S. Han, K. Wang, Q. Fu, Hierarchical structure and unique impact
behavior of polypropylene/ethylene-octene copolymer blends as obtained via dy-
namic packing injection molding, Polymer 54 (2013) 3392–3401.

[29] S. Liang, K. Wang, H. Yang, Q. Zhang, Q. Fu, Crystal morphology and tensile
properties of LLDPE containing PP fibers as obtained via dynamic packing injection
molding, Polymer 47 (2006) 7115–7122.

[30] W. Cao, K. Wang, Q. Zhang, R. Du, Q. Fu, The hierarchy structure and orientation of
high density polyethylene obtained via dynamic packing injection molding,
Polymer 47 (2006) 6857–6867.

[31] Y. Huang, X. Xia, Z. Liu, W. Yang, M. Yang, The formation of interfacial
morphologies of iPP derived from transverse flow during multi-penetration in
secondary melt flow, Mater. Today Commun. 12 (2017) 43–54.

[32] X. Liu, C. Zhang, K. Dai, G. Zheng, C. Liu, C. Shen, Unexpected molecular weight
dependence of shish kebab in water-assisted injection molded HDPE, Polym. Adv.
Technol. 24 (2013) 270–272.

Fig. 5. Mechanical properties of different MSIM samples: (a) selective stress-strain curves and (b) tensile strength vs. R (as the ratio of the core layer thickness to the whole sample). The
insert shows the schematic representation of the mechanical model.

J. Jiang et al. Polymer Testing 67 (2018) 183–189

188

http://dx.doi.org/10.1016/j.polymertesting.2018.03.005
http://dx.doi.org/10.1016/j.polymertesting.2018.03.005
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref1
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref1
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref2
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref2
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref2
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref3
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref3
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref3
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref4
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref4
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref4
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref5
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref5
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref5
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref6
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref6
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref7
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref7
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref8
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref8
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref8
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref8
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref9
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref9
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref9
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref10
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref10
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref10
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref11
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref11
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref11
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref12
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref12
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref13
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref13
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref13
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref14
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref14
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref14
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref15
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref15
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref16
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref16
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref16
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref17
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref17
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref17
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref18
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref18
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref18
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref18
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref19
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref19
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref19
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref20
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref20
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref20
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref21
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref21
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref21
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref22
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref22
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref22
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref23
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref23
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref23
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref24
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref24
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref24
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref24
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref25
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref25
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref25
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref26
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref26
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref26
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref27
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref27
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref27
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref27
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref28
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref28
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref28
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref29
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref29
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref29
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref30
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref30
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref30
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref31
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref31
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref31
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref32
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref32
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref32


[33] J. Hou, G. Zhao, G. Wang, G. Dong, J. Xu, A novel gas-assisted microcellular in-
jection molding method for preparing lightweight foams with superior surface ap-
pearance and enhanced mechanical performance, Mater. Des. 127 (2017) 115–125.

[34] X. Liu, G. Zheng, Z. Jia, S. Li, C. Liu, Y. Zhang, C. Shao, K. Dai, B. Liu, Q. Zhang,
S. Wang, C. Liu, J. Chen, X. Peng, C. Shen, The hierarchical structure of water-
assisted injection molded high density polyethylene: small angle X-ray scattering
study, J. Appl. Polym. Sci. 125 (2012) 2297–2303.

[35] X. Liu, Y. Pan, C. Peng, X. Hao, G. Zheng, D.W. Schubert, C. Liu, Changyu Shen,
Twisted lamellae in water-assisted injection molded high density polyethylene,
Mater. Lett. 172 (2016) 19–22.

[36] F. Luo, X. Liu, C. Shao, J. Zhang, C. Shen, Z. Guo, Micromechanical analysis of
molecular orientation in high-temperature creep of polycarbonate, Mater. Des. 144
(2018) 25–31.

[37] R. Su, Z. Zhang, X. Gao, Y. Ge, K. Wang, Q. Fu, Polypropylene injection molded part

with novel macroscopic bamboo-like bionic structure, J. Phys. Chem. B 114 (2010)
9994–10001.

[38] C. Unterweger, O. Brüggemann, C. Fürsta, Effects of different fibers on the prop-
erties of short-fiber-reinforced polypropylene composites, Compos. Sci. Technol.
103 (2014) 49–55.

[39] P. Liu, M. Mullins, T. Bremner, N. Benner, H.J. Sue, Interfacial phenomena and
mechanical behavior of polyetheretherketone/polybenzimidazole blend under hy-
grothermal environment, J. Phys. Chem. B 121 (2017) 5396–5406.

[40] C. Unterweger, J. Duchoslav, D. Stifter, C. Fürst, Characterization of carbon fiber
surfaces and their impact on the mechanical properties of short carbon fiber re-
inforced polypropylene composites, Compos. Sci. Technol. 108 (2015) 41–47.

[41] Z. Wang, D. Gao, Friction and wear properties of stainless steel sliding against
polyetheretherketone and carbon-fiber-reinforced polyetheretherketone under
natural seawater lubrication, Mater. Des. 53 (2014) 881–887.

J. Jiang et al. Polymer Testing 67 (2018) 183–189

189

http://refhub.elsevier.com/S0142-9418(18)30168-5/sref33
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref33
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref33
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref34
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref34
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref34
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref34
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref35
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref35
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref35
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref36
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref36
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref36
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref37
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref37
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref37
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref38
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref38
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref38
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref39
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref39
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref39
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref40
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref40
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref40
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref41
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref41
http://refhub.elsevier.com/S0142-9418(18)30168-5/sref41

	Self-reinforcing and toughening isotactic polypropylene via melt sequential injection molding
	Introduction
	Experimental section
	Materials and samples preparation
	Morphology observation
	Two-dimensional wide-angle X-ray diffraction (2D-WAXD)
	Mechanical properties measurement

	Results and discussion
	Macroscopic hierarchical structure
	Orientation and crystallinity
	SEM observation
	Mechanical properties
	Model

	Conclusions
	Acknowledgements
	Supplementary data
	References




